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 6 
Abstract  7 
Some minerals are colloidal and are poorly diffracting .  Vibrational spectroscopy offers one 8 
of the few methods for the assessment of the structure of these types of minerals. Among this 9 
group of minerals is zykaite with formula Fe4(AsO4)(SO4)(OH)·15H2O.  The objective of this 10 
research is to determine the molecular structure of the mineral zykaite using vibrational 11 
spectroscopy.  Raman and infrared bands are attributed to the AsO43-, SO42- and water 12 
stretching vibrations.   The sharp band at 3515 cm-1 is assigned to the stretching vibration of 13 
the OH units.  This mineral offers a mechanism for the formation of more crystalline minerals 14 
such as scorodite and bukovskyite.  Arsenate ions can be removed from aqueous systems 15 
through the addition of ferric compounds such as ferric chloride. This results in the formation 16 
of minerals such as zykaite and pitticite (Fe3+,AsO4,SO4,H2O). 17 
 18 
Keywords: Raman spectroscopy, zykaite, kankite, pitticite, arsenate, sulphate, arsenopyrite 19 
 20 
 21 
 22 
23 
                                                 
 Author to whom correspondence should be addressed (r.frost@qut.edu.au) 
T: +61 7 3138 2407; F: _61 7 3138 1804 
2 
 
Introduction 24 
Zykaite  Fe43+(AsO4)3(SO4)(OH)·15H2O [1] is an example of a multi-anion mineral which 25 
contains arsenate, sulphate and hydroxyl ions as well as several water molecules.  Zykaite is 26 
one of several ferric minerals containing arsenate and sulphate anions. Included in this special 27 
mineral group are the minerals scorodite FeAsO4·2H2O, kankite FeAsO4·3.5H2O, beudantite 28 
PbFe33+(AsO4)(SO4)(OH)6, bukovskyite Fe33+(AsO4)(SO4)(OH)·7H2O, gartrellite 29 
Pb[(Cu,Fe2+)(Fe3+, Zn, Cu)] (AsO4)(CO3,H2O)2, and sarmientite 30 
Fe23+(AsO4)(SO4)(OH)·5H2O.  Zykaite is orthorhombic with an ill-defined point group and 31 
space group.   The mineral consists of fine acicular crystals to 0.02 mm covering and 32 
composing nodules to 3 cm. It is transparent to gray-white and may contain a yellowish or 33 
brownish tint.  The mineral is formed as an alteration product of arsenopyrite and is found in 34 
old mine dumps especially ancient mine dumps of an archaeological significance [2].  35 
Minerals such as zykaite are formed through the reaction of acid sulphate solutions with 36 
arsenopyrite [3].  Zykaite is a poorly crystalline mineral and may function as a precursor to 37 
the formation of other minerals such as scorodite and kankite.  This mineral is often found in 38 
close association with kankite. Due to the amorphous or poorly diffracting nature of zykaite, 39 
it means that XRD does not provide information on the crystal structure, thus the application 40 
of vibrational spectroscopy is very important for the determination of the molecular structure 41 
of the mineral.  Only through vibrational spectroscopy can any concepts of the molecular 42 
structure of the mineral be determined.  The mineral acts as a sink for both sulphur and 43 
arsenate in waste mine dumps. Further the minerals have been found in old or ancient burial 44 
sites.  Some vibrational spectroscopic studies of the related arsenate containing minerals have 45 
been undertaken [4].  However, no assignment of bands was undertaken and the spectra were 46 
simply reported without any explanation. There is a vital need to study the molecular 47 
structure of these types of minerals in more detail.   48 
 49 
Arsenate removal 50 
Arsenate in soils and in water systems is a major problem worldwide. For example arsenate 51 
accumulation occurs during the combustion of green waste for power supply. The removal of 52 
arsenate from aqueous systems has been attempted by many methods. One method is to use 53 
compounds of iron to remove arsenate through chemical adsorption using ferric chloride [5].  54 
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This method is used to remove arsenate from the Rocky Point Sugar Mill power plant (Near 55 
Brisbane, Queensland).  Other methods use the oxides or hydroxides of ferric iron [6-8].  56 
Sometimes nanomaterials based upon iron are used and also iron oxides or hydroxides  57 
adsorbed on specific substrates are used [9-11].  In the presence of sulphate anions, it is 58 
possible that minerals such as pitticite and zykaite will form.  The formation of these minerals 59 
offers a mechanism for the removal of arsenic from aqueous media.   60 
 61 
This paper is a part of systematic studies of vibrational spectra of minerals of secondary 62 
origin in the oxide supergene zone [12-20]. In this work we attribute bands at various 63 
wavenumbers to vibrational modes of pitticite using Raman spectroscopy and relate the 64 
spectra to the structure of the mineral.  65 
 66 
Experimental 67 
Minerals 68 
The mineral zykaite was supplied by the mineralogical research company. Details of the 69 
mineral have been published (page 680) [21].  The mineral originated from Kank, near Kutna 70 
Hora, Czech Republic.  A Raman spectrum of zykaite is provided in the RRUFF data base 71 
(http://rruff.info/Zykaite).  This sample originated from Christbescherung mine, 72 
Grobvoigtsberg, Freiberg District, Erzgebirge, Saxony, Germany.  The Raman spectra of this 73 
sample are provided in the supplementary information.  74 
Raman spectroscopy 75 
Crystals of zykaite were placed on a polished metal surface on the stage of an Olympus 76 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 77 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 78 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 79 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 80 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 81 
100 and 4000 cm-1. Repeated acquisition on the crystals using the highest magnification (50x) 82 
was accumulated to improve the signal to noise ratio in the spectra. Spectra were calibrated 83 
using the 520.5 cm-1 line of a silicon wafer.   84 
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Infrared spectroscopy 85 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 86 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 87 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 88 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 89 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 90 
Germany) software package which enabled the type of fitting function to be selected and 91 
allowed specific parameters to be fixed or varied accordingly. Band fitting was done using a 92 
Lorentz-Gauss cross-product function with the minimum number of component bands used 93 
for the fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and 94 
fitting was undertaken until reproducible results were obtained with squared correlations ( r2) 95 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 96 
separation or changes in the spectral profile.   97 
 98 
Results and discussion 99 
One method of assessing the structure of poorly diffracting minerals containing arsenate and 100 
sulphate is to use vibrational spectroscopy.  Minerals such as zykaite lend themselves to 101 
vibrational spectroscopy because of the oxy-anions in the structure.  The presence of 102 
hydroxyls, arsenate and sulphate enable the mineral to be characterised.  The Raman 103 
spectrum over the complete measured wavenumber range from 100 to 1700 cm-1 range is 104 
displayed in Figure 1.  The infrared spectrum over the complete measured wavenumber range 105 
from 500 to 4000 cm-1 range is reported in Figure 2. 106 
 107 
The Raman spectrum in the 600 to 1000 cm-1 region and the infrared spectrum in the 500 to 108 
1300 cm-1 region are shown in Figures 3 and 4 respectively.  Raman bands are observed at 109 
799, 810, 832, 867 and 892 cm-1.  These bands are attributed to the AsO43- stretching bands.  110 
It is probable that the latter band is the symmetric stretching mode and the former three bands 111 
are the AsO43-antisymmetric stretching modes.  The Raman spectrum of zykaite downloaded 112 
from the RRUFF data base is given in Figures S1-3.  Figure S1 shows Raman bands at 814, 113 
835, 887 and 913 cm-1.  The first three bands are assigned to the AsO43- stretching vibrations. 114 
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The position of these bands is in harmony with the bands reported in this work. According to 115 
the formula of zykaite the ratio of arsenate to sulphate anions is 4/1. The implication is that 116 
the arsenate bands are more intense than the sulphate bands in the Raman spectrum. The 117 
infrared spectrum in this spectral region is complex with a series of overlapping bands.  The 118 
band at 903 cm-1 is likely to be the AsO43- symmetric stretching vibrational mode. An 119 
alternative assignment may be to the water librational mode. The bands centred upon 778 and 120 
798 cm-1 are assigned to the AsO43- antisymmetric stretching modes.  121 
The Raman spectrum of zykaite displays bands at 1001, 1051 and 1127 cm-1.  These bands 122 
are characteristic of the SO42- stretching modes. The band at 1001 cm-1 is assigned to the ν1 123 
symmetric stretching mode whereas the two bands at 1051 and 1127 cm-1 are attributed to the 124 
ν3 antisymmetric stretching vibrations.  These sulphate stretching bands are reflected in the 125 
infrared spectrum.   Infrared bands are observed at 984, 1031, 1086, 1120, 1166 and 1189  126 
cm-1.  Apart from the low intensity resolved component at 984 cm-1 assigned to the SO42- 127 
symmetric stretching mode, the remaining infrared bands are attributed to the SO42- 128 
antisymmetric stretching mode.   129 
 130 
The low intensity Raman band at 620 cm-1 is assigned to the 4 (SO4)2- bending mode (Figure 131 
5a).  Raman bands observed at 420, 452 and 484 cm-1 are attributable to the doubly 132 
degenerate 2 (SO4)2- bending mode.   The Raman spectrum of zykaite from the RRUFF data 133 
base shows a band at 419 cm-1 with a shoulder at 460 cm-1. The Raman bands at 338 and 380 134 
cm-1 are due to the AsO43- bending modes.  The Raman spectrum of zykaite from the RRUFF 135 
data base shows a band at 318 cm-1. A series of bands are observed in the 100 to 300 cm-1 136 
region and are described as lattice vibrations (Figure 5b).  137 
 138 
The Raman spectrum in the 2800 to 3600 cm-1 region is reported in Figure 6a and the infrared 139 
spectrum over the 2300 to 3800 cm-1 region is shown in Figure 6b.  The Raman spectrum 140 
shows a broad spectral profile with a sharp band at 3515 cm-1. This profile may be resolved 141 
into component bands at 2998, 3139 and 3266 cm-1.  These bands are attributed to water 142 
stretching vibrations.  The sharp band at 3515 cm-1 is assigned to the stretching vibration of 143 
the OH units.  This vibration is observed as a sharp infrared band at 3516 cm-1.  Component 144 
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infrared bands are resolved at 2825, 2985, 3119 and 3264 cm-1.  These bands are ascribed to 145 
water stretching vibrations.   146 
 147 
The Raman spectrum of zykaite in the 1350 to 1650 cm-1 region is displayed in Figure 7a. 148 
The infrared spectrum in the 1350 to 1850 cm-1 region is shown in Figure 7b.  The formula of 149 
the mineral shows one hydroxyl unit and 15 moles of water. Therefore, it is expected that 150 
water bending bands would be observed. The band at 1610 cm-1 in the Raman spectrum and 151 
the infrared band at 1593 cm-1 is assigned to this vibration.  The position of these bands 152 
indicates that the water is only weakly hydrogen bonded in the zykaite structure. In the 153 
infrared spectrum a shoulder is observed at 1664 cm-1. This band is attributed to strongly 154 
hydrogen bonded water molecules.  Low intensity Raman bands are observed at 1417, 1424 155 
and 1559 cm-1.  It is thought that these bands are related to OH deformation modes.  156 
   157 
Conclusions  158 
Zykaite is an example of a mineral which is poorly X-ray diffracting.  The application of 159 
vibrational spectroscopy is of importance as it offers one of the only methods for the 160 
assessment of the molecular structure of the mineral.  Similar minerals are pitticite and 161 
kemmlitzite.   162 
The Raman spectrum of zykaite is dominated by a very intense sharp band at 810 cm-1 163 
assigned to the AsO43- symmetric stretching mode.  The same vibrational mode is observed in 164 
the infrared spectrum as a sharp band at 798 cm-1.  The Raman spectrum of zykaite is 165 
dominated by a broad band at 1001 cm-1 assigned to the SO42- symmetric stretching mode.  166 
The same vibrational mode is observed in the infrared spectrum as a weak band at 984 cm-1.  167 
A strong Raman band at 1051 cm-1 is observed and is assigned to the SO42- antisymmetric 168 
stretching mode.  The observation of multiple bands in the 2 (SO4)2- spectral region supports 169 
the concept of reduction in symmetry of the sulphate anion in these structures.  Raman bands 170 
observed at 420, 452 and 484 cm-1 are attributable to the doubly degenerate 2 (SO4)2- 171 
bending mode.   Vibrational spectroscopy is important in the assessment of the molecular 172 
structure of the zykaite gel, especially when the mineral is poorly diffracting.  173 
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